Reductant-Activated, High-Coverage, Covalent Functionalization of 1T′-MoS₂ by Yan, Ellen X. et al.
Subscriber access provided by Caltech Library
is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.
Letter
Reductant-Activated, High-Coverage, Covalent Functionalization of 1T#-MoS2
Ellen X. Yan, Miguel Cabán-Acevedo, Kimberly M.
Papadantonakis, Bruce S. Brunschwig, and Nathan S. Lewis
ACS Materials Lett., Just Accepted Manuscript • DOI: 10.1021/acsmaterialslett.9b00241 • Publication Date (Web): 20 Dec 2019
Downloaded from pubs.acs.org on December 23, 2019
Just Accepted
“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.
Reductant-Activated, High-Coverage, Covalent Functionalization of 
1T′-MoS2 
Ellen X. Yan,† Miguel Cabán-Acevedo,† Kimberly M. Papadantonakis,† Bruce S. Brunschwig,‡ and 
Nathan S. Lewis*,†,‡ 
†Division of Chemistry and Chemical Engineering, ‡Beckman Institute, California Institute of Technology, Pasadena, 
California 91125, United States 
 
ABSTRACT: Recently developed covalent functionalization chemistry for MoS2 in the 1Tʹ phase enables the formation of covalent 
chalcogenide-carbon bonds from alkyl halides and aryl diazonium salts. However, the coverage of functional groups using this method 
has been limited by the negative charge stored in the exfoliated MoS2 sheets to <25-30% per MoS2 unit. We report herein a reductant-
activated functionalization wherein one-electron metallocene reductants, such as nickelocene, octamethylnickelocene, and 
cobaltocene, are introduced during functionalization with methyl and propyl halides to tune the coverage of the alkyl groups. The 
reductant-activated functionalization yields functional group coverages up to 70%, ~ 1.5–2 times higher than the previous limit, and 
enables functionalization by weak electrophiles, such as 1-chloropropane, that are otherwise unreactive with chemically exfoliated 
MoS2. We also explored the dependence of coverage on the strength of the leaving group and the steric hindrance of the alkyl halide 
in the absence of reductants, and showed that functionalization was ineffective for chloride leaving groups and for secondary and 
tertiary alkyl iodides. These results demonstrate a substantial increase in coverage compared to functionalization without reductants, 
and may impact the performance of these materials in applications reliant on surface interactions. Furthermore, this method may be 
applicable to the covalent functionalization of similar layered materials and metal chalcogenides.  
Crystalline molybdenum disulfide (MoS2) consists of layers 
of two-dimensional sheets held together by van der Waals 
forces.  Monolayers and few-layer-films of MoS2 can be 
produced by chemical and mechanical exfoliation of bulk 
crystals or by chemical-vapor deposition (CVD).1-2 These 
materials have been explored for applications in photovoltaics,3-
4 transistors,5 ultra-thin flexible electronics,6 sensors,7-9 
nanofiltration,10 drug delivery,11 and biological imaging.12 
Macroscale areas of such monolayers have been used in 
photovoltaic and photoelectrochemical devices, whereas 
exfoliated sheets with nanoscale areas have been used in 
catalysis, drug delivery, and biological imaging.13-16 
MoS2 has several common polymorphs, including the 
semiconducting 2H and 3R phases as well as the metallic 1T 
phase (Figure S1). In the phase nomenclature, the initial integer 
represents the number of layers in the unit cell, and the letter 
represents the type of symmetry (H = hexagonal, R = 
rhombohedral, T = tetragonal).  The 2H phase is the 
thermodynamically stable form.17-20  Multilayer MoS2 can be 
chemically exfoliated by lithium intercalation (ceMoS2) which 
induces a phase transformation from 2H to 1T.21 Studies of 
restacked ceMoS2, by transmission-electron microscopy (TEM) 
and scanning-tunneling microscopy (STM), have shown that a 
distorted 1T-type phase, 1T',  with a 2 × 1 supercell lattice 
containing zig-zag chains is predominant over the pristine 
octahedral 1T phase.21-22 Intercalation for extended time periods 
yields complete conversion to the distorted 1T′ phase (Figure 
S1).23 Theoretical calculations in support of these experimental 
observations demonstrate that the 1T′ phase is more stable than 
the 1T phase and predict that the 1T′ phase has a band gap of 
0.1-0.2 eV, in contrast to the metallic 1T phase.23-25 Some 
reports refer to the predominant phase in ceMoS2 as 1T-MoS2, 
while acknowledging that this 1T phase may actually be the 
distorted 1T′ phase.26 Considering the currently available 
density-functional-theory (DFT) calculations and experimental 
data, which collectively suggest the 1T′ is predominant over the 
1T phase in ceMoS2, we refer to the predominant 1T-type phase 
as 1T′ in this manuscript.21-25 Conversion of the metastable 1T′ 
phase to the thermodynamically stable 2H phase requires 
overcoming a small activation barrier, either by annealing at 
300 °C or by laser treatment.26-27 
Organic functionalization of semiconductor surfaces can be 
used to passivate sites of corrosion or charge-carrier 
recombination,28 introduce surface dipoles to tune the relative 
energy of the band-edges,29-30 or provide chemical functionality 
for subsequent reactions.31 These applications are sensitive to 
the degree of surface coverage of the functional groups.  2H-
MoS2 has a relatively inert basal plane that limits the chemical 
functionalization that can be achieved. However, several routes 
to functionalization of the basal plane of 2H-MoS2 have been 
established: 1) coordinative bonding to metal complexes;32 2) 
bonding of thiols and dithiols to defect sites and sulfur 
vacancies;33-36 3) reactions between diazonium radicals and 
vacancies; 37 and, 4) reactions with electrophilic compounds, 
such as maleimides, that have high selectivity towards thiols.38  
An alternative route to MoS2 functionalization follows 
conversion of 2H-MoS2 to the metastable 1T′ phase during Li 
intercalation.18-20 Li intercalation increases the nucleophilicity 
and reactivity of sulfur atoms on the basal plane, and enables 
covalent functionalization of the 1Tʹ-MoS2 surface using alkyl 
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Figure 1. Synthesis of covalently functionalized 1Tʹ-MoS2 nanosheets. (a) Intercalation of 2H-MoS2 with n-butyllithium, followed by 
exfoliation with water and functionalization using an alkyl halide (X-R). (b) Reductant-activated functionalization using a one-electron 
metallocene reductant enables further functionalization of MoS2 nanosheets. For this report, we used the X-R molecules and reductants listed 
in the figure and the X-R molecule used in step (b) was the same as in (a), however functionalization using two different R groups is possible. 
halide electrophiles (Figure 1a) or nucleophilic thiol reagents 
such as thiobarbituric acid.18-20, 39-41 Although 2H-MoS2 does 
not readily undergo these reactions, covalent functionalization 
of 2H-MoS2 has been reported using iodobenzene in the 
presence of a palladium catalyst.41 The coverage of functional 
groups achieved after chemical exfoliation is limited to <25-
30% per MoS2 unit, presumably due to the limited negative 
charge that can be held by the nanosheets after lithiation and 
exfoliation in water.18, 21 The percent coverage is calculated 
from  the percentage of sulfur atoms functionalized in the 
sample expressed per MoS2 unit, and is not easily translated to 
the concept of a monolayer surface coverage, since the 
thickness of suspended ceMoS2 flakes in solution is a 
distribution ranging from monolayer to few-layer. Theoretical 
studies of 1T-MoS2 functionalization suggest that double-sided 
hydrogenation and functionalization with various functional 
groups can stabilize the 1T phase in favor of the 2H phase,42 
and suggest that the coverage may also modulate the band gap 
depending on the functional group.43 These results provide 
precedent for further experimental work, noting however that 
the theoretical studies were performed on the perfectly 
octahedral (non-distorted) 1T phase rather than the distorted 1T′ 
phase observed experimentally after lithium intercalation with 
which we are primarily concerned. 
Herein we describe a method of reductant-activated 
functionalization of ceMoS2, which contains a mixture of 1T′ 
and 2H phases, using one-electron metallocenes, expanding on 
previously reported covalent functionalization procedures 
(Figure 1b). Detailed experimental procedures are provided in 
the Supplementary Information. Briefly, 2H-MoS2 was 
chemically exfoliated using n-butyllithium to yield ceMoS2, to 
which an excess of an alkyl halide was added, as shown in 
Figure 1a. For reductant-activated functionalization, one-
electron metallocenes were introduced to N,N-
dimethylformamide (DMF) suspensions of the functionalized 
MoS2, following the initial reaction with an alkyl halide (Figure 
1b). The reductant-activated functionalization increases the 
coverage of covalently bound functional groups on ceMoS2, 
allows the coverage to be tuned by varying the strength of the 
reductant and the size of the functional group, and enables 
functionalization by weak electrophiles that are otherwise 
unreactive with 1T′-MoS2. Use of DMF as the solvent ensured 
compatibility with the electrophiles and reductants used in 
subsequent reaction steps.  Figure S2 shows that the coverage 
of methyl-functionalized ceMoS2 (methyl-MoS2) was the same 
whether water/isopropanol18 or DMF was used as the solvent. 
Although palladium catalysts have been used to functionalize 
2H-MoS2 and metal chalcogenide nanoparticles with 
iodobenzene,41, 44 we have observed that functionalization of 
2H-MoS2 using one-electron metallocenes does not proceed as 
readily as for 1T′-MoS2. The details of how the strength of the 
metallocene reductant affects the functionalization of 2H-MoS2 
remains an area of active interest. 
The organic moieties of functionalized MoS2 were 
characterized using attenuated total reflection Fourier-
transform infrared spectroscopy (ATR-FTIR) and solid-state 
13C cross-polarization magic-angle spinning nuclear magnetic 
resonance spectroscopy (13C-CPMAS NMR). The coverages 
were quantified by fitting the multiple peaks in the sulfur 2p 
high-resolution X-ray photoelectron spectra (XPS) with the 
peaks at ~ 162.4 eV binding energy assigned to sulfur bound to 
carbon (S-C). No additional peaks were observed at higher 
binding energies relative to the 2H-MoS2 sulfur peak at 163.2 
eV, suggesting a lack of functionalization for the 2H phase 
consistent with previous studies showing that 2H-MoS2 could 
not be functionalized with iodoacetamide.18 Detailed peak-
fitting parameters are provided in the Supplementary 
Information.  
Figure 2 shows the XPS, ATR-FTIR, and 13C-CPMAS NMR 
for ceMoS2 before and after functionalization by iodomethane 
(methyl-MoS2), 1-iodopropane (propyl-MoS2), 1-
bromopropane (propyl-MoS2), and 1-chloropropane. This set of 
reagents was chosen to explore the dependence of reactivity on 
the leaving group.  Consistent with previous reports of covalent 
functionalization of ceMoS2, the proportion of 1T′ to 2H in the 
functionalized product remained the same after 
functionalization (Figure S12) and the Raman spectra for 
functionalized ceMoS2 was similar to that of pure ceMoS2 
(Figure S3). No notable photoluminescence (PL) was observed 
before or after functionalization in the 2H or 1T′ phase at the 
typical PL energy range for MoS2 mono- and few-layers (~ 600-
650 nm or 1.9-2.1 eV)26 due to the defect-rich nature of the 
powder 2H-MoS2 starting material (Figure S4). In addition to 
the 1T′ and 2H MoS2 phases, a shoulder was observed at a 
binding energy of ~ 160.8 eV in ceMoS2, in accord with the 
binding energy of Li2S, which can form during lithiation.
45 This 
peak may also be due to the formation of inner-edge defects 
(S*) from desulfurization during lithiation, as the generation of 
vacancies tends to shift the sulfur peak to lower binding 
energy.46 This shoulder accounts for ~ 3% of the total sulfur in 
ceMoS2. High-resolution spectra in the molybdenum and halide 
regions (Figure S5) showed no evidence of changes to the mol- 
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Figure 2. (a) High-resolution XPS S 2p, (b) ATR-FTIR, and (c) 
NMR spectra for ceMoS2 (blue), methyl-MoS2 from iodomethane 
(red), propyl-MoS2 from iodopropane and bromopropane 
(green/orange), and MoS2 after attempted reaction with 
chloropropane (purple). A third set sulfur peaks was present in the 
XPS data for functionalized MoS2, along with characteristic C-H 
vibrations and carbon peaks in the ATR-FTIR and NMR spectra, 
respectively. 
ybdenum oxidation states, and showed minimal residual halide, 
indicating removal of the reactant alkyl halide. The C 1s peak 
was convoluted with peaks from adventitious carbon, unlike the 
 
Figure 3. (a) High-resolution XPS S 2p spectra and (b) 13C-CPMAS 
NMR spectra of the products from reactions between 1T′-MoS2 and 
1-iodopropane (top), 2-iodopropane (middle), and 2-iodo-2-
methylpropane (bottom). Functionalization was minimal using 2-
iodopropane and was unsuccessful using 2-iodo-2-methylpropane. 
previously reported acetamide-MoS2 functionalizations in 
which the carbonyl group was shifted to significantly higher 
energy and observed in the C 1s spectrum (Figure S6).18 
Characteristic methyl and methylene peaks associated with 
methyl and propyl moieties were observed in the IR and NMR 
spectra (Figure 2b-c). The coverage for methyl-MoS2 was 38% 
± 0.3% (95% confidence interval, N = 3), consistent with 
published results for the maximum achievable coverage using 
iodomethane and ce1T′-MoS2.18 The characteristic IR 
vibrations for the C-S bond stretch, C-H bend, and C-H 
stretches were at 694, 946/1289, and 2905 cm-1 for methyl-
MoS2, and were at 727, 1257, and 2862/2924/2955 cm
-1 for 
propyl-MoS2. These peak assignments were made based on 
DFT calculations for optimized methanethiol and propanethiol 
(Table S1), to simulate the C-S bond. Furthermore, the carbon 
peaks at 37 ppm and 52 ppm in the NMR spectra of 13C-methyl-
MoS2 (synthesized from iodomethane-
13C) and propyl-MoS2, 
respectively, are expected for carbons covalently bound to a 
sulfur atom, as thiols and sulfinic acids deshield the -carbon 
and cause a downfield shift in the carbon peak.47 The two other 
types of carbon for propyl-MoS2 synthesized from either io 
dopropane or bromopropane were also observed, at 16 ppm and
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Figure 4. (a) High-resolution XPS S 2p spectra comparing (from top to bottom): exfoliated unfunctionalized ceMoS2, methyl-MoS2 without 
reductant, methyl-MoS2 synthesized with nickelocene, and methyl-MoS2 synthesized with cobaltocene. Peak areas from covalently 
functionalized sulfur were used to quantify the coverages plotted in (b) and (c). The area of the peaks for 2H-MoS2 were constrained for all 
spectra to be the same percentage of total sulfur as the ceMoS2 spectra. (b) Coverage per MoS2 for MoS2 functionalized with iodomethane, 
1-iodopropane, 1-bromopropane, and 1-chloropropane for various synthetic conditions, quantified by XPS. Error bars are the standard 
deviations based on at least three samples. (c) Coverage per MoS2 unit for MoS2 functionalized with iodomethane, 1-iodopropane, 1-
bromopropane as a function of the effective potential for the reductants ferrocene, nickelocene, octamethylnickelocene, and cobaltocene, 
corresponding to -0.10, -0.52, -1.05, and -1.26 V vs. E0(Fc+/0). 
25 ppm, respectively. In contrast, after reaction of MoS2 with 
chloropropane, the NMR spectrum indicated a lack of carbon, 
and no functionalized sulfur peaks or C-H vibrations were 
observable in the XPS and IR spectra. The reactivity of alkyl 
halide electrophiles with good leaving groups, such as iodine or 
bromine, was clearly larger than the (lack of) reactivity of alkyl 
halides with poor leaving groups such as chlorine. The 
reactivity of ceMoS2 with primary, secondary, and tertiary alkyl 
halides was compared using 1-iodopropane, 2-iodopropane, 
and 2-iodo-2-methylpropane, respectively. The XP and NMR 
spectra for these reactions indicated that 2-iodopropane reacted 
minimally with ceMoS2 whereas 2-iodo-2-methylpropane was 
unreactive (Figure 3) for the reaction shown in Figure 1a. 
Therefore, primary alkyl halides with an iodide or bromide 
leaving group are the most promising reagents for reductant-
activated functionalization of 1T′-MoS2. 
The proposed origin of the driving force in the reaction of 
exfoliated 1T′-MoS2 with primary alkyl iodides is negative 
charge that is transferred to, and stored in, the ceMoS2 sheets 
during the lithiation step. Cation precipitation indicates that the 
stored negative charge ranges from 0.2-0.4 electrons per 
MoS2.
21, 48 To ascertain whether the coverage achieved for 
methyl-MoS2 (38% per MoS2 or 19% per sulfur) reflected a 
sterically limited packing density or a limitation due to the 
charge density that can be stored by the sheets, ceMoS2 was 
oxidized by stirring in DMF containing ferrocenium 
tetrafluoroborate for 3 days, prior to reaction of the ceMoS2 with 
iodomethane. The overall composition of the products showed 
a 15% increase in 2H-MoS2 and a 15% decrease in sulfur-
carbon bonds relative to ceMoS2 handled in a nominally 
identical way but not exposed to ferrocenium tetrafluoroborate, 
which showed a coverage of 35%, as expected (Figure S7). 
These results suggest that removal of negative charge reduces 
the charge available for covalent functionalization and 
destabilizes the 1T′ phase, favoring reversion to the 2H phase.  
This reasoning is consistent with the hypothesis that the 2H to 
1T′ phase transformation occurs due to the stabilization of the 
1T′ phase by negative charge injection.  
We sought to evaluate whether an appropriately chosen 
reducing agent could transfer negative charge to ceMoS2 or 
functionalized MoS2, thereby enabling further functionalization 
after consumption of the initially stored negative charge. The 
coverage produced by functionalization was thus determined as 
a function of the reducing strength of the metallocenes present 
during the functionalization reaction.  
Four metallocenes: ferrocene (Cp2Fe), nickelocene (Cp2Ni), 
octamethylnickelocene (Me8Cp2Ni), and cobaltocene (Cp2Co), 
provided reduction potentials that spanned a range from above 
to below the Fermi levels (EF) of ce-, methyl-, and propyl-
MoS2, as estimated from ultraviolet photoelectron spectroscopy 
(UPS) (Figure S8).  The effective reduction potentials, Eeff, of 
the metallocene solutions ranged from -0.1 to -1.3 V vs. 
ferrocenium/ferrocene (Fc+/0), as detailed in Table S2.  Eeff of 
the reactant solution was estimated by assuming a reductant: 
oxidant concentration ratio of 50:1 (Table S2).49 
Figure 4 describes the change in functional group coverage 
as a function of the strength of the reductant. To assess the 
significance of the area under the fitted S-C curve, 
unfunctionalized ceMoS2 spectra, in which the C-S bond is 
absent, were fit with the additional sulfur peaks at the S-C 
binding energy (Figure S9), generating the left-most bar in 
Figure 4b. All reactions were performed in triplicate with error 
bars indicating the standard deviation. Figure S12 shows the 
standard deviations of the peak areas (~ 1-3%) obtained from 
Monte Carlo simulations for each sample, indicating that the 
trends observable in Figure 4b are well outside the range of 
error that can be attributed to errors in XPS peak fitting. In 
addition to quantification by XPS, 13C MAS NMR on ceMoS2 
functionalized with 13C-iodomethane with and without 
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coverage with reductant strength (Figure S10). 
The effective potential of the ferrocene solution was slightly 
below the estimated Fermi level of ceMoS2 (Figure S8, Table 
S2).  As expected, exposure to the ferrocene solution did not 
result in a substantial change in coverage. Figure 4c shows an 
approximately linear increase in coverage for iodomethane, 
iodopropane, and bromopropane as the strength of the reductant 
was increased from ferrocene (Eeff = -0.12 V vs. Fc
+/0) to 
cobaltocene (Eeff = -1.3 V vs. Fc
+/0). For reactions involving 
chloropropane, S-C bonds were only visible in the XPS data 
after reactions performed in the presence of cobaltocene, the 
strongest reductant examined.  Due to the similarity of some XP 
spectra to spectra for unfunctionalized ceMoS2, 
13C NMR and 
ATR-FTIR were used to verify that functionalization was 
successful using cobaltocene, whereas minimal coverage 
resulted when octamethylnickelocene was used (Figure S11). 
Notably, the NMR peak positions and peak splitting for propyl-
MoS2 synthesized using chloropropane and cobaltocene were in 
accord with those for propyl-MoS2 shown in Figure 2; however, 
an additional peak was present at 87 ppm, and the intensity of 
the peak at 54 ppm was relatively small, consistent with a 
downfield shift for the anchoring carbon which can be observed 
in R-CH2-O species. An additional 4% of both molybdenum 
and sulfur oxides were observed in the XPS data for the 
chloropropane/cobaltocene functionalization compared to 
functionalization using iodopropane, further suggesting a 
linkage through metal or sulfur oxides. The fraction of MoS2 in 
the 1T′ phase was ~ 90% for all conditions (Figure S12). 
To investigate whether higher coverages could be obtained, 
decamethylcobaltocene (Me10Cp2Co), Eeff = -1.9 V vs. Fc
+/0, 
was also used for the synthesis of methyl-MoS2.  However, the 
coverage did not increase substantially compared to when 
cobaltocene was used (Figure S12), and the highest achievable 
coverage was thus 70%. DFT modeling of the packing and 
further experiments will be helpful in understanding the upper 
coverage limit produced by this reaction pathway.  
Understanding how to control coverage and achieve high 
densities is important for using functionalized surfaces to 
control corrosion or recombination at edge sites; to create 
surface dipoles to tune relative band positions; to introduce 
chemically reactive handles for subsequent functionalization; 
and for use of such surfaces as absorption sensors. Any 
application that relies on the effects or signals produced by the 
functionalized surface requires quantitative control of the 
surface coverage. In addition to understanding the charge 
transfer and fundamental surface chemistry of ceMoS2 by using 
one-electron reductants, the reductant-activated 
functionalization method reported herein introduces additional 
control for mixed-functionalization surfaces. The method may 
be extended beyond MoS2, and the use of different functional 
groups in the two steps allows for development of multi-
functional surfaces. 
In summary, we have shown that primary alkyl halides with 
an iodide or bromide leaving groups are the most promising 
reagents for reductant-activated functionalization of 1T′-MoS2, 
and that either removal or addition of negative charge on the 
ceMoS2 will decrease or increase the amount of 
functionalization achieved. Further, a reductant-activated 
functionalization method has been developed that allows for 
control over the degree of coverage of covalently attached 
surface functional groups on 1T′-MoS2 and enables 
functionalization by weak electrophiles that are otherwise non-
reactive toward ceMoS2. By varying the reductant strength, the 
coverage can be increased beyond the previous limit imposed 
by the amount of negative charge stored during exfoliation. Our 
observations that redox chemistry influences the coverage 
achievable during functionalization impact the understanding 
of the charge-transfer mechanisms governing surface 
functionalization and will inform and stimulate further 
mechanistic studies.  Future studies of the applicability of this 
method to the covalent functionalization of similar layered 
materials and the impact of functionalization on stability would 
inform the application of these materials in various areas such 
as sensing, nanofiltration, and drug delivery. 
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